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Chapter 6: Aromatics Production
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of Benzene . Oxidation of Benzene . Hydrogenation of
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of Toluene Carbonylation of Toluene

Chemicals from Xylenes
Terephthalic Acid Phthalic Anhydride Isophthalic

6.1 INTRODUCTION

The primary sources of benzene, toluene, and xylenes (BTX) are refinery streams,

especialy from catalytic reforming and cracking, and pyrolysis gasoline from steam
cracking and from coal liquids. BTX and ethyl benzene are extracted from these
streams using selective solvents such as sulfolene or ethylene glycol. The extracted
components are separated through lengthy fractional distillation, crystallization, and
ISOomerization processes.

The reactivity of Cg, C;, Cg aromatics is mainly associated with the benzene ring.

Aromatic compounds in genera are liable for electrophilic substitution. Most of the
chemicals produced directly from benzene are obtained from its reactions with
electrophilic reagents. Benzene could be akylated, nitrated, or chlorinated to important
chemicals that are precursors for many commercial products.

Toluene and xylenes (methylbenzenes) are substituted benzenes. Although the presence
of methyl substituents activates the benzene ring for electrophilic attack, the chemistry
of methyl benzenes for producing commercial products is more related to reactions
with the methyl than with the phenyl group. The methyl group could be easily oxidized
or chlorinated as aresult of the presence of the phenyl substituent.
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6.2 REACTIONSAND CHEMICALS OF BENZENE

Benzene (CgHe) is the most important aromatic hydrocarbon. It is the precursor for
many chemicals that may be used as end products or intermediates. Almost al
compounds derived directly from benzene are converted to other chemicals and
polymers. For example, hydrogenation of benzene produces cyclohexane. Oxidation of
cyclohexane produces cyclohexanone, which is used for nylon manufacture. Due to the
resonance stabilization of the benzenering, it isnot easily polymerized.

However, products derived from benzene such as styrene, phenol, and maleic
anhydride can polymerize to important commercial products due to the presence of
reactive functional groups. Benzene could be alkylated by different alkylating agents,
hydrogenated to cyclohexane, nitrated, or chlorinated.

6.2.1 Alkylation of Benzene

Benzene can be alkylated in the presence of a Lewis or a Bronsted acid catalyst.
Olefins such as ethylene, propylene, and C,,—C; apha olefins are used to produce
benzene alkylates, which have great commercial value.

The first step in akylation is the generation of a carbonium ion, and when an olefin is

the alkylating agent, a carbonium ion intermediate forms.

RCH=CH, e REHCH]
Carbonium ions also form from an akyl halide when a Lewis acid catalyst is used.
Aluminum chloride is the commonly used Friedel -Crafts alkylation catalyst:

RCI + AICL; — |[R™ _ _AICHT]

The next step is an attack by the carbonium ion on the benzene ring, followed by the

elimination of aproton and the formation of benzene alkylate:

- o]+
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6.2.2 Important chemicals based on benzene

CHACH;
Ethylbenzene (EB) ( @ )

Ethylbenzene (EB) is a colorless aromatic liquid with a boiling point of 136.2°C, very
close to that of p-xylene. This complicates separating it from the Cg aromatic
equilibrium mixture obtained from catalytic reforming processes. Ethylbenzene
obtained from this source, however, is small compared to the synthetic route. The main

process for producing EB is the catalyzed akylation of benzene with ethylene:

CH,—CH,

O v —(

In the liquid-phase reaction over AICI; catalyst, the conditions of the process are 40-
100°C and 2-8 atmospheres. Diethylbenzene and higher alkylated benzenes aso form.
They are recycled and dealkylated to EB.

PEB recycis

———

Recycle benzene l Etnylbenzena

BnIene _1
B |I_ j_

4

Figure 6-1 The Badger process for producing ethylbenzene: (1) reactor, (2) fractionator (for
recovery of unreacted benzene), (3) EB fractionator, (4) polyethylbenzene recovery column.

L

A Ethylens

{ B

Description

The vapor-phase Badger process (Figure 6-1), which has been commercialized since

1980, zeolite type heterogeneous catalyst is used in a fixed bed process. The reaction
conditions are 420°C and 13-20 atm. Over 98% vyield is obtaned at 90%

conversion.4,5 Polyethylbenzene (PEB) and unreacted benzene are recycled and join
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the fresh feed to the reactor. The reactor effluent is fed to the benzene fractionation
system to recover unreacted benzene. The bottoms containing ethylbenzene and
heavier PEB are fractionated in two columns. The first column separates the

ethylbenzene product, and the other separates polyethylbenzene for recycling.

s (O )

Styrene (vinylbenzene) monomer is a liquid (b.p. 145.2°C) that polymerizes easily
when initiated by a free radical or when exposed to light. Dehydrogenation of
ethylbenzene (EB) to styrene occurs over awide variety of metal oxide catalysts.

CH,CH, CH=CH,

— + H,

Oxides of Fe, Cr, Si, Co, Zn, or their mixtures can be used for the dehydrogenation

reaction. Typical reaction conditions for the vapor-phase process are 600-700°C, at or

below atmospheric pressure. Approximately 90% styrene yield is obtained of 30-40%

conversion:
Recycle benzene
Styrene
EB monamer
_"""‘ -
Inn'bigf_
| Toluene 1
- [
B
Fuel gas L.
PR T R

- m@ Hydrocarbons

HCs e

condensed Condensate
R et

Figure 6-3 Dehydrogenation of ethylbenzene (EB) using the Lummus/UOP smart for Styrene plant
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Description: In the Classic SM process, EB is cataiytically dehydroge-
nated to styrene in the presence of steam. The vapor phase reaction is
carried out at high temperature and under vacuum. The EB (fresh and
recycle) is combined with superheated steam, and the mixture is de-
nydrogenated in a multistage reactor system (1). A heater reheats the
process gas between stages. Reactor effluents are cooled to recover
waste heat and condense the hydrocarbons and steam. Uncondensed
offgas— containing mostly hydrogen——is compressed and is used as
fuel or recovered as a valuable byproduct. Condensed hydrocarbons
from an oil/water separator (2) are sent to the distillation section. Pro-
cess condensate is stripped to remove dissolved aromatics and then
used internally for steam generation.

A fractionation train (3,4) separates high-purity styrene product; uncon-
verted EB, which is recyded; and the relatively minor byproduct tar, which
is used as fuel. In additional columns (5,6), toluene is produced as a minor
byproduct and benzene is normally recycled to the upstream EB process.

The effect of steam/EB ratio, 100

temperature, and pressure on the 085

A . . . 0.80

equilibrium conversion of EB isshownin | &
® p8s

Figure 6-4. E -
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CH,—CHCH,
Cumene @

Cumene (isopropylbenzene), a liquid (B.P. is 152.7°C) is soluble in many organic
solvents but not in water. It is present in low concentrations in light refinery streams
(such as reformates) and coal liquids. It may be obtained by distilling these fractions.

The main process for producing cumene is a synthetic route where benzene is alkylated
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with propylene to isopropylbenzene. Either a liquid or a gas-phase process is used for
the alkylation reaction.

CHICHA

©+ CH=CHCH, —— @ HH% = =113 Elfimaol

In the liquid-phase process, low temperatures and pressures (50°C and 5 atm.) are used

with zeolite catalyst.

Reaction section Distiliation section
Alkylation is a process Akylaton  Transalkylation  Benzene Cumene FIPB
which combines Benzene reactor reactor cloumn  column  column
olefins (primarily a ' g k
mixture of propylene Benzene mydav] Cumene

and butylene) with Bz —
in the presence of a
catalyst A | y

Transalkylationisa
chemical reaction 1 3 4 5
involving the transfer g
of propyl group from s 2
PIPB compound to Bz

in the presence of a
catalys Propylene | T T Hooay

Figure 6-5 The Polimeri/Lummus process to produce high purity cumene from propylene and benzene

Description: Alkylation and transalkylation reactions take place in the
liquid phase in fixed-bed reactors. Propylene is completely reacted with

R benzene in the alkylator (1), producing an effluent of unconverted ben-
ﬁsﬁ;ﬁmm zene, cumene and_PIPB (diisopropylbenzene and small amounts of poly-

Isopropylbenzenes). The specially formulated zeolite catalyst allows pro-
duction of high-purity cumene while operating at reactor temperatures
high enough for the reaction heat to be recovered as useful steam. PIPB
15 converted to cumene by reaction with benzene in the transalkylator
(2). The process operates with relatively small amounts of excess ben-
zene in the reactors.

Alkylator and transalkylator effluent is processed in the benzene
column (3) to recover unreacted benzene, which is recycled to the reac-
tors. On-specification cumene product is produced as the overhead of
the cumene column (4). The PIPB column (5) recovers polyalkylate ma-
terial for feed to the transalkylator and rejects a very small amount of
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heavy, non-transalkylatable byproduct. The PIPB column can also reject
cymenes when the benzene feedstock contains an excessive amount of
toluene. Propane contained in the propylene feedstock can be recov-
ered as a byproduct, as can non-aromatic components in the benzene
feedstock

Phenol and Acetone from Cumene

Cumene process is currently the maor source for phenol and co-product acetone.
Phenol, CsHsOH (hydroxybenzene), is produced from cumene by a two-step process.
In the first step, cumene is oxidized with air to cumene hydroperoxide. The reaction
conditions are approximately 100-130°C and 2-3 atm. in the presence of a metal salt
catalyst:

CHCHCH, HCH b C OO
IT,%: sl — @ AH = —1 16 K sl
"‘hf

In the second step, the hydroperoxide is decomposed in the presence of an acid to
phenol and acetone. The reaction conditions are approximately 80°C and dlightly

below atmospheric:
(CH, 1CO0H OH
0
5 =
i ¢ CHyCH,
e
Description

In this process (Fig. 6-6) cumene is oxidized (1) with air in the liquid phase to produce
cumene hydroperoxide 80% and concentrated under vacuum distillation (2). To avoid
decomposition of the hydroperoxide, it is transferred immediately to the cleavage
reactor (3) in the presence of a small amount of H,SO,. The cleavage product is

neutralized with alkali before fractionation (5-8) to produce high purity products.
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Waste ofis to fuel

Wastewater

Figure 6-6. The Kellogg Brown & Root process for producing phenol and acetone from cumene: (1)
auto-oxidation reactor, (2) vacuum distillation tower, (3) cleavage reactor, (4) neutralizer, (5-8)
purification train.

After an initial distillation to split the co-products phenol and acetone, each is purified
in separate distillation and treating trains. An acetone finishing column distills product
acetone from an acetone/water/oil mixture. The oil, which is mostly unreacted cumene,
Is sent to cumene recovery. Acidic impurities, such as acetic acid and phenol, are
neutralized by caustic injection.

Properties and Uses of Phenol

Phenol, a white crystalline mass with a distinctive odor, becomes reddish when
subjected to light. It is highly soluble in water, and the solution is weakly acidic.
Phenol was the 3rd highest-volume chemical. Many chemicals and polymers derive
from phenol. Approximately 50% of production goes to phenolic resins. Phenol and
acetone produce bis-phenol, sdlicylic acid, acetylsalicyclic acid (aspirin), 24-
dichlorophenoxy acetic acid (2,4-D), and 2,4,5- triphenoxy acetic acid (2,4,5-T), which

are selective herbicides; and pentachlorophenol, awood preservative.
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I-'.—[I HCH,

[
Linear Alkylbenzene — = =

Linear alkylbenzene (LAB) is an akylation product of benzene used to produce
biodegradabl e anionic detergents. The alkylating agents are either linear C,,—C,4 mono-
olefins or monochloroalkanes. The linear olefins (alpha olefins) are produced by
dehydrogenating n-paraffins extracted from kerosene. The dehydrogenation of n-
paraffins to mono-olefins was occurred with a newly developed dehydrogenation
Ziegler catalyst.

Principle

The process (Figure 6-7) combines the dehydrogenation of n-paraffins and the
alkylation of benzene. Mono-olefins from the dehydrogenation section are introduced
to a fixed-bed alkylation reactor over a heterogeneous solid catalyst. Alkylation of
benzene with linear mono-olefinsisindustrially preferred in aliquid phase process at a
temperature range of 40-70°C. The feedstock is typicaly Cyo-Ci3 normal parrafin of
98% purity.

M, rich oifgas Fresh benzene
H, Makeup H |
2 aKeup ? Light Berzane

recyde ——— e Ends

rﬂcycle LAB

et

: _;:é) — - ] =[]

Heavy aroma!lcs
Linear

paraffin
charge

Paraffin reryde

- — . —_

Yy

Figure 6-7 The UOP/CEPSA process for producing linear alkylbenzene

The general akylation reaction of benzene using alpha olefins could be represented as:
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R—CHCH,

Liresar akathenzene (LAR]

Description: Linear paraffins are fed to a Pacol reactor (1) to dehydro-
genate the feed into corresponding linear olefins. Reactor effluent is
separated into gas and liquid phases in a separator (2). Diolefins in the
separator liquid are selectively converted to mono-olefins in a Define
reactor (3). Light ends are removed in a stripper (4) and the resulting

Peratfin Extraction Process | plefin-paraffin mixture is sent to a PEP adsorber (5) where heavy aro-

matics are removed prior to being sent to a Detal reactor (6) where the
olefins are alkylated with benzene. The reactor effluent is sent to a frac-
tionation section (7, 8) for separation and recycle of unreacted benzene
to the Detal reactor, and separation and recycle of unreacted paraffins
to the Pacol reactor. A rerun column (9) separates the LAB product from
the heavy alkylate bottoms stream.

A typical properties of detergent akylate are shown in Table 6-1.
Table 6-1 Typical properties of detergent alkylate.

Linear
detergent
alkylate

Bromine number 0.02
Saybolt color +30
Alkylbenzene content, wit%h 97.4
Doctor test NEGATIVE
Unsulfonatable content, wi 1.0
Walter, wifh 0.1
Specific gravity at 60°F 0.8612
Refractive index, n?'), 1.4837
Flash point (ASTM D-93), °F 280
Average molecular weight 240
Distillation (ASTM D-86), °F

IBP 538

10 vol%e 547

30 vol% 550

30 vol% 554

70 vol: 539

90 vol% 369

95 vol% 576

EP 589
Saybolt color of a 5% sodium

alkylbenzene sulfonate solution +26
Normal alkylbenzene. wit% 93
2-Pheny! 1somer, wit% 2000
Paraffin, wt% 0.1

Biodegradability (ASTM D-2667), % =95.0
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Detergent manufacturers buy linear akylbenzene, sulfonate with SO; and then

neutralize it with NaOH to produce linear alkylbenzene sulfonate (LABS), the active

ingredient in detergents:

R B R
@ -?:L{.J-—-@EU-H i (}59 Na
= = =

6.2.3 Chlorination of Benzene

Chlorination of benzene is an electrophilic substitution reaction in which Cl* serves as
the electrophile. The reaction occurs in the presence of Lewis acid catalyst such as
FeCls. The products are a mixture of mono- and dichlorobenzenes. The ortho- and the
para-dichlorobenzenes are more common than meta-dichlorobenzene. The ratio of the
monochloro to dichloro products essentially depends on the benzene/chlorine ratio and
the residence time. The ratio of the dichloro-isomers (o- to p- to m-dichlorobenzenes)

mainly depends on the reaction temperature and residence time:

Cl a . o
T
3 +.ir.'|,-—-| 4 | 4 + S HC)
O (Y @
il

Typicd liquid-phase reaction conditions for the chlorination of benzene using FeCls
catalyst are 80-100°C and atmospheric pressure. When a high benzene/Cl, ratio is used,

the product mixture is approximately 80% monochlorobenzene, 15% p-

dichlorobenzene and 5% o-dichl orobenzene.

Continuous chlorination processes permit the removal of monochlorobenzene as it is
formed, resulting in lower yields of higher chlorinated benzene. Monochlorobenzene is
also produced in a vapor-phase process at approximately 300°C. The by-product HCI

goes into a regenerative oxychlorination reactor. The catalyst is a promoted copper

oxide on asilicacarrier:
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4 HC1 + O p 201, +3H0

Cl

2 @ +1C), ——= ?© + JHC

Higher conversions have been reported when temperatures of 234-315°C and pressures
of 40-80 psi are used.
Uses: Monochlorobenzene is the starting material for many compounds, including

phenol and aniline. Others such as DDT, chloronitrobenzenes, polychlorobenzenes, and

biphenyl.
6.2.4 Nitration of Benzene

Nitrobenzene [CsHsNO,]

Similar to the akylation and the chlorination of benzene, the nitration reaction is an
electrophilic substitution of benzene hydrogen (H*) with a nitronium ion (NO™). The
liquid-phase reaction occurs in presence of both concentrated nitric and sulfuric acids
at approximately 50°C. Concentrated sulfuric acid has two functions: it reacts with
nitric acid to form the nitronium ion, and it absorbs the water formed during the
reaction, which shifts the equilibrium to the formation of nitrobenzene:

HNO, +2H.S0, ——= 2 HS0Z + Hi0+eNO3

NG,
@ } Ni.]{:—l-zj + H?

Most of the nitrobenzene (=97%) produced is used to make aniline. Other uses include

synthesis of quinoline, benzidine, and as a solvent for cellulose ethers.

Aniline (C6H5NH2)
Aniline (aminobenzene) is an oily liquid that turns brown when exposed to air and
light. The compound is an important dye precursor. The main process for producing

aniline is the hydrogenation of nitrobenzene:
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/] MH:
@I FHy—= @ + 2HL  AH= 544 Klmol

The hydrogenation reaction occurs at approximately 270°C and dlightly above
atmospheric over a Cu/Silica catalyst. About a95% yield is obtained.

Ammonolysis of phenol occursin the vapor phase.
(1H NH,

+ NHy — + H.0

Description

In the Scientific Design Co. process (Figure 6-8), a mixed feed of ammonia and phenol
Is heated and passed over a heterogeneous catalyst in a fixed-bed system. The reactor
effluent is cooled, the condensed material distilled, and the unreacted ammonia
recycled. Aniline produced this way should be very pure:

Ammonia NH;Recycle

Y g H. 0

Ha, M Arniline

F"P'_IE!'HDI Gas

21 T

L

Catalyst NiO/Ni
Temp 350°C
Press 300 bar

Liquid
Heavies

Recycle azeotrope

Figure 6-8 The Scientific Co. process for producing aniline from phenol: (1) fixed-bed reactor, (2)

liquid-gas separator, (3) ammonia compression and recycling, (4) drier, (5) fractionator.
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6.2.5 Hydr ogenation of Benzene /Cyclohexane O

The liquid phase catalytic hydrogenation of benzene produces cyclohexane. Many
catalyst systems, such as Ni/adumina and Ni/Pd, are used for the reaction. General
reaction conditions are 160-220°C and 25-30 atmospheres. Higher temperatures and
pressures may also be used with sulfided catalysts:

@ M, — = O AH =266 KJimol

HP purge gas

HP separator operating

at a pressure of 10 — 12
barg, while the LP
separator (operating at a

BFW: Back Flow Water
LP: low Pressure
HP: high pressure

pressure of 2.5-3.5 barg)

Figure 6-9. The hydrogenation of benzene to cyclohexane

Description: The main reactor (1) converts essentiaily all of the feed
isothermally in the liquid phase at a thermodynamically favorable low
femperature using a continuously injected soluble catalyst. The catalyst’s
high activity allows using low-hydrogen partial pressure, which results in
fewer side reactions, e.g., isomerization or hydrocracking.

The heat of reaction vaporizes cyclchexane prodi:d and, using
pumparound circulation through an exchanger, also generates steam
{2). With the heat of reaction being immediately removed by vaporiza-
tion, accurate temperature control is assured. A vapor-phase fixed-bed
fmlsh-.ng reactor (3) completes the catalytic hvdrogenation of any re-
sidual benzene. This step reduces residual benzene in the cyclohexane
product to very low levels, Depending on purity of the hvdrogen make-
up gas, the stabilization section includes either an LP fsebaratBr (4) ar a
small stabilizer to remove light ends,
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6.3 REACTIONSAND CHEMICALSOF TOLUENE

Toluene (methylbenzene) is similar to benzene as a mononuclear aromatic, but it is
more active due to presence of the electron-donating methyl group. However, toluene
Is much less useful than benzene because it produces more polysubstituted products.
Most of the toluene extracted for chemical use is converted to benzene via deakylation
or disproportionation. The rest is used to produce alimited number of petrochemicals.
The main reactions related to the chemical use of toluene (other than conversion to
benzene) are the oxidation of the methyl substituent and the hydrogenation of the
phenyl group. Electrophilic substitution is limited to the nitration of toluene for
producing mononitrotoluene and dinitrotoluenes. These compounds are important
synthetic intermediates.

6.3.1 Dealkylation of Toluene

Toluene is dealkylated to benzene over a hydrogenation-dehydrogenation catalyst such
as nickel. The hydrodealkylation is essentialy a hydrocracking reaction favored at

higher temperatures and pressures. The reaction occurs at approximately 700°C and 40

am. A high benzene yield of about 96% or more can be achieved:

CH,

@ t Hy i @ + CHy

Dealkylation also can be effected by steam. The reaction occurs at 600-800°C over Ni-
Cr,0O4 catalysts, or Ni-Al,O; catalysts at temperatures between 320-630°C. Yields of
about 90% are obtained.

6.3.2 Disproportionation of Toluene

The catalytic disproportionation of toluene (Figure 6-10) in the presence of hydrogen
produces benzene and a xylene mixture. Disproportionation is an equilibrium reaction
with a 58% conversion per pass theoretically possible. The reverse reaction is the

transalkylation of xylenes with benzene:
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CH, CH,
O—0 O~

Typica conditions for the disproportionation reaction are 450-530°C and 20

atmospheres. A mixture of CoO-M0oO; on aluminosilicates/alumina catalysts can be
used. Conversions of approximately 40% are normaly used to avoid more side
reactions and faster catalyst deactivation. The equilibrium constants for this reaction
are not significantly changed by shifting from liquid to vapor phase or by large

temperature changes.

Hydrogen makeup

—_— -

Hydrogen recycle To fuel system
& —————— it

o
|

Toluene Stabilizer

-

i
EINIE S e

fractionation

Reactor Separator | ] X >

Figure 6-10 The Mobil Oil Corp., IFP process for the disproportionation of toluene to mixed xylenes.

6.3.3 Oxidation of Toluene

CO0OH
Benzoic Acid @

Oxidizing toluene in the liquid phase over a cobalt acetate catalyst produces benzoic
acid. The reaction occurs at about 165°C and 10 atmospheres. Theyield is over 90%:
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CH, COOH

I + IS L‘_].: . + H:f'l'

Benzoic acid (benzene carboxylic acid) is awhite crystalline solid with a characteristic
odor. It is slightly soluble in water and soluble in most common organic solvents.
Though much benzoic acid gets used as a mordant in calico printing, it also serves to
preserve food, make dentifrices, and kill fungus. Furthermore it is a precursor for

caprolactam, phenol, and terephthalic acid.

=0 Caprolactam is an organic compound with the formula
";-‘“ (CH,)sCONH. This colorless solid is a lactam of
Caprolactam Production i caproic acid (carboxylic acid derived from hexane).

Caprolactam, a white solid that melts at 69°C, can be obtained either in a fused or
flaked form. It is soluble in water, ligroin, and chlorinated hydrocarbons.
Caprolactam’s main use is to produce nylon 6. Other minor uses are as a crosslinking
agent for polyurethanes, in the plasticizer industry.

The first step in producing caprolactam from benzoic acid is its hydrogenation to

cyclohexane carboxylic acid at approximately 170°C and 16 atmospheres over a
palladium catalyst:

C OOH COOH

SIS

In the second step, the resulting acid is then converted to caprolactam through a

reaction with nitrosyl-sulfuric acid:

6 CO0H

& ) f';:“
+ [ MUHSY - WNH + H:50h = 0

Figure 6-11 shows an integrated caprolactam production process. Toluene, the feed, is

Description
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first oxidized to benzoic acid. Benzoic acid is then hydrogenated to cyclohexane
carboxylic acid, which reacts with nitrosylsulfuric acid yielding caprolactam.

Nitrosyl sulfuric acid comes from reacting nitrogen oxides with oleum. Caprolactam
comes as an acidic solution that is neutralized with ammonia and gives ammonium
sulfate as a by-product of commercial value. Recovered caprolactam is purified

through solvent extraction and fractionation.

Tolusne Oleum Waler  Ammania

Caprolactam

Hydrogen  MitrasylsuHuns Armmonwem Solvarnd
Bl Bullate

Figure 6-11. The SNIA BPD process for producing caprolactam: (1) toluene oxidation reactor, (2)
fractionator, (3) hydrogenation reactor (stirred autoclave), (4) multistage reactor (conversion to
caprolactam), (5) water dilution, (6) crystallizer, (7) solvent extraction, (8) fractionator

Phenol from Benzoic Acid

The action of a copper salt converts benzoic acid to phenol. The copper reoxidized by

air, functions as a real catalyst. The Lummus process operates in the vapor phase at

approxi mately 250°C. Phenal yield of 90% is possible:

copper Benzaote |

COOH
2@ + Cu(OH); ——= @ Cu + 2H.0

CO0 {*‘(}
@ qﬁﬂn @ @
f_u _- + C(]:‘ + CLI.
2
\_{phenyl benzylacetate
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0y [
[} [l
C=0 COH (3

Cu + 120y + H.0  —  CuliOH)
The overall reaction s

g
C—OH

H
G -+ |_.-'_.'|.-.:|_~ e @ + 1:{]:

As mentioned before, Phenol can aso be produced from chlorobenzene and from
cumene, the major route for this commodity, as well as from benzoic acid.

In the Lummus process, the reaction occurs in the liquid phase at approximately 220-
240°C over (Mg®" + Cu*) benzoate. Magnesium benzoate is an initiator, with the Cu**
reduced to Cu'*. The copper (1) ions are reoxidized to copper (I1) ions. Figure 6-12

shows the Lummus benzoic-acid-to-phenol process.

Faed. Raactor Azeoirope Toluene Phenol

prehester [Vapor aplitter Vent gas column column
proneer  [voper e colummn column
benzoic acid
benzene
phenol
toluene

treatment

Benzene

= = — R
Taluane thonm
l = 1 slorage
Cu catalyst _N Phanol folusne
|
Benzoic ]
acid ﬁ:
&
Benzoi acid/wate | 1 Water
[ Nl B r
Air T recycie

Figure 6-12 The Lummus benzoic-acid-to-phenol process
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Terephthalic Acid from Benzoic Acid

Terephthalic acid is an important monomer for producing polyesters. The main route
for obtaining the acid is the catalyzed oxidation of para-xylene. It can aso be produced
from benzoic acid by a disproportionation reaction of potassum benzoate in the

presence of carbon dioxide. Benzene is the co-product:

55*“*@

The reaction occurs in a liquid-phase process at approximately 400°C using ZnO or
CdO catalysts. Terephthalic acid is obtained from an acid treatment; the potassium salt

Isrecycled.

(_\>—1 “H)
Benzaldehyde \__ _

Oxidizing toluene to benzaldehyde is a catalyzed reaction in which a selective catalyst
limits further oxidation to benzoic acid. In the first step, benzyl alcohol isformed and

then oxidized to benzaldehyde. Further oxidation produces benzoic acid:

CH, CH.OH Benzyl structure

O O
O, ——- | I
\-‘?,J Byl akohal

The problem with this reaction is that each successive oxidation occurs more readily

than the preceding one (more acidic hydrogens after introducing the oxygen hetero
atom, which facilitates the oxidation reaction to occur). In addition to using a selective
catalyst, the reaction can be limited to the production of the aldehyde by employing
short residence times and a high toluene/O, ratio. In one process, a mixture of UO,
(93%) and MnO, (7%) is the catalyst. A yield of 30-50% could be obtained at low
conversions of 10-20%. The reaction temperature is approximately 500°C.
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CH,OH CHO
4+ E/zﬂz-—-. + HED

CHO COOH

6.3.4 Chlorination of Toluene

The chlorination of toluene by substituting the methyl hydrogen is a free radical
reaction producing a mixture of three chlorides (benzyl chloride, benzal chloride and
benzotrichloride).

CH, CH,CI

@ + Cl — = @ + HCI

Benzyl chloride

CHC1, CCl,

cl,
ey + HCI + HCI
3 B

Benegal chloride Benzotrichloride

The ratio of the chloride mixture mainly derives from the toluene/Cl, ratio and the
contact time. Benzyl chloride is produced by passing dry chlorine into boiling toluene
(110°C) until reaching a density of 1.283. At this density, the concentration of benzyl

chloride reaches the maximum. Light can initiate the reaction. Benzyl chloride can
produce benzyl acohol by hydrolysis:

EHE CHOH

@ e Hody ———m @ +« HTI

Benzyl aleohaol
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0 0
Benzyl alcohol is a precursor for butylbenzyl phthalate C411(;(']{'?{?{,}14{'%0(3}13{:6}15.
and vinyl chloride plasticizer.
Benzyl chloride is aso a precursor for phenylacetic acid via the intermediate benzy!l
cyanide. Phenylacetic acid is used to make phenobarbital (a sedative) and penicillin G.
Benzal chloride is hydrolyzed to benzaldehyde, and benzotrichloride is hydrolyzed to
benzoic acid. Chlorinated toluenes are not large-volume chemicals, but they are
precursors for many synthetic chemicals and pharmaceuticals.
6.3.5 Nitration of Toluene
Nitration of toluene is the only important reaction that involves the aromatic ring rather
than the aliphatic methyl group. The nitration reaction occurs with an electrophilic
substitution by the nitronium ion. The reaction conditions are milder than those for
benzene due to the activation of the ring by the methyl substituent. A mixture of
nitrotoluenes results. The two important monosubstituted nitrotoluenes are o- and p-

nitrotoluenes;

CH;
NO,

NO,

o-Nitrotoluens p-Nirotolens

Mononitrotoluenes are usually reduced to corresponding toluidines, which make dyes
and rubber chemicals:

CH, CH,

M1,
g - o-Tolwidine © p-Toluidine

MH;
Dinitrotoluenes are produced by nitration of toluene with a mixture of concentrated

nitric and sulfuric acid at 80°C. The main products are 2,4- and 2,6-dinitrotoluenes:
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CH CH

r.-f’l‘ I.“I:“:‘-'*- N 5 AL
e fe
O+ll-‘iﬂd—ll"ﬁ1‘\: — | ? \ﬂ’Jj
o 2

Ml

24 -Dhmitrotoloens 2 6-Dimitrobaluemne
b 2PF

The dinitrotoluenes are important precursors for toluene diisocyanates (TDI),

monomers used to produce polyurethanes. The TDI mixture is synthesized from

dinitrotoluenes by a first-step hydrogenation to the corresponding diamines. The
diamines are then treated with phosgene (COCI,) to form TDI. The yield from toluene
IS approximately 85%:

CH, CH;
NH,
NO; 2
—_—
HC
|
NO, NH,

2 4-Diaminotoluene

CH,

CH,
NH, O ICO
+2CICC1 —— + 4HCI
NH, NCO

2,4-Tohene disocyanate

6.3.6 Carbonylation of Toluene

The carbonylation reaction of toluene with CO in the presence of HF/BF; catalyst
produces p-tolualdehyde. A high yield results (96% based on toluene). p-Tolualdehyde
could be further oxidized to terephthalic acid, an important monomer for polyesters:

CH, CH, COOH
k-
00 — - i
CHO COOH

p-Tolualdehyde is also an intermediate in the synthesis of perfumes, dyes and
pharmaceuticals.
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6.4 REACTIONSAND CHEMICALSOF XYLENES

Xylenes (dimethylbenzenes) are an aromatic mixture composed of three isomers (o-,
m, and p-xylene). They are normally obtained from catalytic reforming and cracking
units with other Cs, C;, and Cg aromatics. Separating the aromatic mixture from the
reformate is done by extraction-distillation and isomerization processes.

para-Xylene is the most important of the three isomers for producing terephthalic acid
to manufacture polyesters. m=Xylene is the least used of the three isomers, but the
equilibrium mixture obtained from catalytic reformers has a higher ratio of the meta

isomer. m-Xyleneis usually isomerized to the more valuable p-xylene.
Terephthalic acid (HOOCCgH,COOH)

The catalyzed oxidation of p-xylene produces terephthalic acid (TA). Cobalt acetate
promoted with either NaBr or HBr is used as a catalyst in an acetic acid medium.
Reaction conditions are approximately 200°C and 15 atmospheres. Theyield is 95%:

CH3 CH; CH3 CHO COOH
Qs Oa 0; 0;
—_— — —_— — =
[cat.] [cat] [cat.] [cat.]
CHs CHO COOH COOH COOH
p-xylene p-tolualdehyde p-toluic acid 4-carboxybenzaldehyde terephthalic acid

T‘ Ho /[cat.] i

Specia precautions must be taken so that the reaction does not stop at the p-toluic acid

stage. Figure 6-13 shows a typical p-xylene oxidation process to produce purified
terephthalic acid (PTA).

Application: The production of purified terephthalic acid (PTA) for use
across all downstream polyester products. The process offered by The
Dow Chemical Co. (Dow) and Davy Process Technology (DPT) has un-
dergone a substantial upgrade to meet the high hurdles for investment,
quality and environmental protection essential for success in this indus-
try. The result is COMPRESS PTA
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Figure 6-13 A typical p-xylene to purified terephthalate acid process.

Description: Following a PTA joint licensing agreement in 2008, DPT and
Dow established a comprehensive technology development program to
streamline and modernize the former Inca/Technimont PTA technology.

The production of PTA occurs in two stages. First, paraxylene is
reacted with oxygen in the presence of a catalyst in an acetic acid sol-
vent to yield crude terephthalic acid (CTA). This crude product is then

filtered and re-slurried prior to polishing in a hydrogenation reaction
after which it is crystallized, filtered and dried prior to export as purified

terephthalic acid.

0
I

Phathalic Anhydride @Z}:

&

Currently, phthalic anhydride is mainly produced through catalyzed oxidation of o-

xylene. A variety of metal oxides are used as cataysts. A typical one is V,05 +
TiO,/Sh,03. The conditions for the vapor-phase oxidation are 375-435°C and 0.7 atm.
Theyield of phthalic anhydride is about 85%:
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i
CH, C
— e
4 A —= [ 4 3 H)
e
o

Liquid-phase oxidation of o-xylene also works at approximately 150°C. Cobalt or
manganese acetate in acetic acid medium serves as a catalyst. The major by-products
of this process are maleic anhydride, benzoic acid, and methylmaleic anhydride.
Phthalic anhydride’s main use is for producing plasticizers by reactions with C4-Cyg
alcohols.

Phthalic anhydride is al'so used to make polyester and alkyd resins. It is a precursor for
phthalonitrile by an ammoxidation route used to produce phthaamide and
phathilimide.

i H

| sophthalic Acid COOH

The oxidation of m-xylene produces isophthalic acid. The reaction occurs in the liquid-

phase in presence of ammonium sulfite:

CH: COOH

Q + 2 (NH, )50, ——» @\+ 2 H.S + 4NH; + 2 H.O

CH: COOH

Isophthalic acid’s main use is for producing polyesters that are characterized by a
higher abrasion resistance than those using other phthalic acids. Polyesters from
isophthalic acid are used for pressure molding applications. Ammoxidation of
isophthalic acid produces isophthalonitrile. The reaction resembles the one used for
ammoxidation of phthalic anhydride:
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CH, CN

+2 NHy 430 ——— + 6 HO
'H; N
Eophihaloniirle
Isophthalonitrile serves as a precursor for agricultural chemicals. It is readily
hydrogenated to the corresponding diamine, which can form polyamides or be

converted to isocyanates for polyurethanes.



